The effect of varying amounts of montmorillonite (MMT) filler (in weight ratios of 100/0, 100/5, and 100/10) on the molecular dynamics and polarization of atactic poly(methyl methacrylate) (PMMA) is investigated using broad-band dielectric spectroscopy from 10 −2 to 10 6 Hz and at temperatures from 30 to 140 °C. The experimental data were analyzed with the sum of Havriliak-Negami (HN) functions and a power-law conduction term. The characteristic frequency, activation energies, and dielectric strength of PMMA/MMT nanocomposites were analyzed. As MMT content increases, a Maxwell-Wagner-Sillars (MWS) relaxation emerges in the nanocomposites and the α-relaxation contributed by main-chain movements above T g occurs at lower temperatures as silicate layers in MMT segregate PMMA chains into smaller domains. The characteristic frequency of β-relaxations is influenced by the mergence with the α-relaxation above T g . Further, the strength of the β-relaxation is stable as a function of temperature in both pure PMMA and the PMMA/MMT nanocomposites whereas, in the nanocomposites, the strengths of the α-and MWS relaxations increase significantly with temperature up to approximately 120 °C.
Introduction
Polymer nanocomposites can be defined as multiphase materials with nanoscale filler particles (nanofiller) dispersed in a continuous polymer matrix. Even a small loading of nanofiller -which generally exhibits remarkably larger surface area than micrometer-sized fillers of the same volume fraction -can give rise to strong interactions with the polymer matrix [1] . Consequently, nanocomposite materials containing various nanofillers, particularly those containing high aspect-ratio nanofillers, have significantly improved physical characteristics, such as increased tensile strength, resistance to dielectric breakdown, and improved thermal behavior compared with the unfilled polymer, without demanding any significant change in required processing techniques. Polymers reinforced with clay, silica, rutile, or alumina nanoparticles have been shown to exhibit excellent dielectric properties [2] and [3] . In this paper, the molecular dynamics of poly(methyl methacrylate)/montmorillonite (PMMA/MMT) nanocomposites are investigated by dielectric spectroscopy.
PMMA is an amorphous thermoplastic polymer possessing high strength, superior dimensional stability, and excellent resistance to wear. Because of these properties it is employed in many outdoor applications, such as aircraft windows, lighthouse lenses, and spectator protection in ice hockey rinks. Additionally, flexible PMMA films have been used as solar modules in the solar cell industry. The molecular dynamics of PMMA have been studied in many previous works, including [4] , [5] , [6] and [7] . The glass transition temperature, T g , of PMMA can range from 85 to 165 °C. The α-relaxation of PMMA is associated with motions of the main polymer chains and occurs at and above T g , while its β-relaxation is caused by the hindered rotation of the methacrylate side group [4] and [8] . Among various inorganic additives that have been explored (including, for example, silicon oxides, metal oxides, nanoclay, and carbon nanotubes), montmorillonite (MMT), a clay mineral, is the most commonly used filler. The silicate aggregate layers of MMT can be dispersed on a nanometer level in an engineering polymer and can be more easily intercalated or exfoliated with various polymers [1] , [9] and [10] . MMT exhibits a sandwich-structure of silicate layers. The fundamental units are platelets whose thickness ranges from approximately 1 to 2.4 nm and whose lateral dimensions range from approximately 100 nm to 10 μm [9] and [11] . Stacking of the platelets leads to a regular van der Waals gap between the layers called the interlayer or gallery, where exchangeable cations are located.
The effect of MMT nanofillers on dielectric permittivity is associated with interfacial polarization and low-frequency electrical conduction mechanisms. Even a small fraction of nanofillers contains a sufficiently large number of particles generating a considerable surface area to interact with a significant number of polymer chains in the nanocomposite, as has been reported in studies on other polymers filled with MMT, namely polypropylene/MMT [12] and polyvinylidene fluoride (PVDF)/MMT [10] . The introduction of MMT has been shown to increase the real permittivity of the polymer-MMT nanocomposite and to introduce a new dielectric loss peak, corresponding to interfacial polarization (also known as Maxwell-WagnerSillars (MWS) polarization). Apart from giving rise to MWS relaxation, the addition of MMT nanoparticles has also been observed to influence the molecular relaxations of the polymer matrix [13] and [14] . It is noteworthy that a frozen dynamics has been associated with the layer of amorphous polymer neighboring a crystalline region in semicrystalline block copolymers [15] and [16] . This mechanism is another possible contributor to the observed behavior in this PMMA-MMT system.
In this work, PMMA composites with a mixture of exfoliated and intercalated MMT nanoparticles were prepared in weight ratios of 100/0, 100/5 and 100/10 of PMMA/MMT. The nanocomposites were characterized by various methods of material analysis such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), transmission electron microscopy (TEM), and X-ray diffraction (XRD). The dielectric complex permittivity of the samples was measured at a voltage of 1 V (typical for measurements with the Novocontrol Alpha-A dielectric spectrometer), over a frequency range from 10 −2 to 10 6 Hz, at temperatures from 30 to 140 °C. The dielectric relaxations and low-frequency conduction of the nanocomposites often merge together over certain frequency and temperature ranges. In order to separate individual relaxations from low-frequency conduction, a sum of Havriliak-Negami (HN) functions were applied in order to elucidate the frequency-dependence of the polymer molecular relaxations (α-and β-) and the MWS relaxation, and a power-law relation was used to describe the low-frequency conduction [17] . The effects of MMT content on the molecular dynamics and polarization of the nanocomposites were then analyzed.
Experiment
The methylmethacrylate (MMA) monomer (99%, stabilized) employed in all experiments was purchased from Acros Organics. The radical initiator, benzoyl peroxide, BPO, (97% dry weight) was obtained from Alfa Aesar. The MMT clay (Cloisite 20A) was provided by Southern Clay Products (Gonzales, TX, USA). Cloisite 20A is a Na-MMT modified with dimethyl dehydrogenated tallow ammonium, which imparts hydrophobicity and increases the number of inter-platelet galleries. The clay platelets have a thickness of 1 nm and equivalent diameters ranging from 100 nm to approximately 10 μm. According to the manufacturer's information: 10% of the particles have diameter less than 2 μm, 50% less than 6 μm, and 90% less than 10 μm. Thermogravimetric analysis (TGA) was conducted in order to determine the water content of the MMT nanoclay on a Thermal Analysis (TA) Instruments Q50 thermobalance. The weight change of MMT was monitored while the nanoclay was heated from 20 to 800 °C at a heating rate of 20 °C/min.
Prior to nanocomposite fabrication the nanoclay was dried in a furnace at 80 °C for 2 h to eliminate MMT surface moisture. The stabilizing inhibitor was removed from MMA by washing the monomer three times with a 10% NaOH aqueous solution, followed by three washes with distilled water. The purified monomer was dried using molecular sieves. The first step in the composite preparation was the dissolution of initiator in the monomer, followed by the addition of the filler (MMT). The molar ratio MMA/BPO was maintained at 1/(2 × 10 − 3 ) in all systems, and the MMA/MMT weight ratios were 100/5 and 100/10. The corresponding weight fraction and volume fraction of MMT for each sample are shown in Table 1 . In the following discussions the two nanocomposite samples are designated as '5MMT' and '10MMT', respectively. The mixtures were sonicated at 0.20 W and mixed at 1-2 minute intervals employing a Fisher Scientific Model 100 sonic dismembrator. Following the sonication, systems were centrifuged for approximately 1 min to remove possible air bubbles. The sequence of sonication followed by mixing and centrifugation was repeated five times for each sample. The in-situ polymerization of the two systems was carried out in an oven at 80 °C overnight. This procedure resulted in binary nanocomposites with a number-average chain length of PMMA of approximately 7.7 k, which was determined by a Gel Permeation Chromatography (GPC) test. This relatively low molecular weight material is useful in applications where flexibility is advantageous such as in flexible solar cell technology and for coatings with good gas-and liquid-barrier properties. A pure PMMA sample was prepared by the same in-situ polymerization procedure, as a control sample. Atactic and completely amorphous PMMA was synthesized in the radical polymerization to eliminate the effect of tacticity for all three samples.
Transmission electron microscopy (TEM) was employed to investigate the MMT dispersion in 5MMT and 10MMT using a JEOL 2100 200 kV microscope. Wide angle X-ray diffraction (WAXD) tests were conducted to estimate the spacing of intercalated silicate layers of MMT in 5MMT and 10MMT using a Siemens D-500 Bruker AXS X-ray diffractometer. Differential scanning calorimetry (Q20, TA Instruments, USA) was conducted to determine the onset T g of pure PMMA at a heating rate of 10 °C/min. The complex permittivity of the three samples (PMMA, 5MMT, and 10MMT) was measured using a Novocontrol Dielectric Spectrometer (Novocontrol Technologies, Germany) in which the sample cell consisting of 20-mm-diameter parallel plate electrodes, was housed in a temperature-controlled chamber. The overall uncertainty in measured permittivity is estimated to be around 1%, introduced by the sample thickness variance and the error of the analyzer. The measurement was carried out at a voltage of 1 V, over a frequency range from 10 −2 to 10 6 Hz and temperatures from 30 to 140 °C in 10 °C increments. The upper temperature limit was chosen to be 20 °C below the softening temperature of PMMA, which is approximately 160 °C.
Results
Results of the TGA test for nanoclay moisture content are shown in Fig. 1 . The weight loss up to 100 °C is approximately 2.4% indicating the amount of moisture in MMT. MMT was therefore dried at 80 °C to remove moisture prior to composite fabrication. The additional weight loss of approximately 6% observed in the temperature interval from 100 to 650 °C corresponds to the combustion of hydrocarbon functional chains present at the surface of Cloisite 20A clay platelets. The dispersion of clay platelets in 5MMT and 10MMT samples is displayed in the TEM images of Fig. 2 . As shown in Fig. 2a and c, the nanoclay particles in 5MMT and 10MMT are homogenously dispersed and randomly oriented. Fig. 2b and d reveals the presence of both intercalated and exfoliated silicate layers of MMT in the PMMA matrix. Compared with 5MMT, silicate layers in 10MMT appear to be more severely intercalated. The spacing between intercalated silicate layers of MMT in 5MMT and 10MMT is calculated using Bragg's law:
where λ is the wavelength of the X-rays used (0.154 nm for the copper target used to generate Xrays in these tests), d is the spacing between the silicate layers, and θ is the angle between the incident X-rays and the scattering planes. The increment of θ in the XRD tests was selected to be 0.05°, Fig. 3 . A peak in the spectra at 2θ = 2.5° indicates that the spacing between the MMT silicate layers in the two nanocomposites is 3.5 nm, increased by 40% compared with pure MMT, caused by the intercalation of PMMA chains between the silicate layers. As shown in Fig. 4 , the real relative permittivity of the nanocomposite samples increases with temperature over the entire frequency range. At each temperature, the real relative permittivity of 10MMT is higher than that of 5MMT as a result of MMT's relative permittivity being higher than that of PMMA, coupled with an enhancement of interfacial polarization and electrical conduction with increasing MMT content. The imaginary relative permittivity is shown in Fig. 5 . It is observed that the peaks of the β-relaxation of the two nanocomposites are located at higher frequencies, the assignment to the β-relaxation being made by comparison to the spectra for pure PMMA and by reference to the literature [4] . This figure also reveals that the strength of conduction increases with temperature and increasing MMT content. Above T g , MWS-and α-relaxations occur between 0.01 and 100 Hz and are obscured by conduction effects in the nanocomposite samples. The measured permittivity data were used to model frequency dependence of dielectric relaxations and low-frequency conduction based on Havriliak-Negami and power-law terms [17] , which will be described in the next section. 
Calculation
In pure PMMA, two dielectric relaxations (α-and β-) were observed in the frequency range studied here, whereas three dielectric relaxations were observed in the PMMA/MMT nanocomposites: α-, β-, and MWS relaxations. In addition, low-frequency conduction was observed caused by the existence of free charge carriers. The observed low-frequency conductivity was much stronger in the nanocomposites than in pure PMMA due to enhanced ionic electrical conduction from the ions in MMT. Since these four spectral phenomena commonly overlap at the temperatures studied here [4] , among various models of the relaxation spectrum calculation [18] and [19] , parametric functions describing dielectric relaxation and conduction were employed in order to separate them and facilitate analysis of their temperatureand frequency-dependence. An example of the parametric fit obtained for 5MMT at 50 °C (below T g ) is shown in Fig. 6 . An example of the parametric fit obtained for 5MMT at 100 °C (above T g ), including the α-relaxation, is shown in Fig. 7 . Classically, four relaxation functions have been developed and widely applied to describe dielectric relaxation: Debye [20] , Cole-Cole [21] , Davidson-Cole [22] , and Havriliak-Negami (HN) [23] functions. Out of these four, the HN function, Eq. (2), is the most general because of its ability to model a broad and asymmetric distribution of relaxation times and it is employed in the following analysis, In Eq. (2), ε r * is the complex relative permittivity; ε r∞ is the real relative permittivity caused by all processes with higher response rates than the particular mechanism under consideration; ∆ε r is the dielectric strength of the relaxation process under consideration; τ 0 is the characteristic relaxation time, which depends on temperature; and a and b are two HN (shape) parameters that can be determined experimentally. The first HN parameter, a, is a measure of the peak height of the dielectric relaxation: as a increases, the peak height decreases. The second HN parameter, b, is one measure of the width of the distribution of relaxation times for asymmetric peaks. Note that for a = 0 and b = 1 the Debye model is recovered. The relationship between a and b is discussed in the original work [23] and subsequent texts, for example [24] and [25] . Briefly, a > 0 and b ≤ 1 although b may be greater than unity if ab ≤ 1.
Considering the contribution of free charge carriers to the low frequency behavior of imaginary permittivity, a power-law conductivity term is added to the HN functions in order to fully model the frequency dependence of the imaginary relative permittivity [17] , In Eq. (3), A indicates the conduction strength, s is an exponent that always lies between 0 and 1, and i = 1, 2, 3 denotes the three relaxation processes: MWS, α -and β -. HN equations are normally applied to fit the imaginary part of complex relative permittivity directly collected from experimental data. Imaginary permittivity curves can be easily overpowered, however, by rapidly increasing values as frequency is lowered, due to the conductive contribution of MMT free charge carriers. To counteract this effect, an alternative expression of the imaginary permittivity is implemented in this study in terms of the derivative of the real relative permittivity. The relation between the imaginary part and the real part is shown in Eq. (4) (which works for Debye relaxations). This expression is also applicable for Havriliak-Negami modeling since it can be decomposed into a series of Debye relaxations [25] .
The criterion for a good fit between modeled permittivity and experimental data is to achieve a small least squares difference between the experimental data and the superposed HN functions, describing the dielectric relaxations and power-law conductivity term. The following procedure was used in this work to obtain the best parametric fit between the model of Eq. (3), with imaginary permittivity computed from real permittivity via Eq. (4) and the measured data. Below the glass transition temperature, the β-relaxation is well-separated from other relaxation processes in the dielectric frequency spectrum, shown by both 5MMT 50 °C and 10MMT 50 °C curves in Fig. 5 . For this reason, the β-relaxation was fitted first by an HN function. Note that, although the β-relaxation is commonly symmetric in many polymers and in those cases can be successfully modeled using the Cole-Cole function (b = 1), in PMMA the β-relaxation is broadened asymmetrically [4] and the HN function is appropriate. Then, using the parametric fit to the β-relaxation, its effect in the frequency range 0.01 to 50 Hz was subtracted from the data in order to model the MWS relaxation. The peaks of the MWS relaxation are observed in this study to lie between 0.01 to 50 Hz. Similarly, using the parametric fit to the MWS relaxation, its effect was subtracted from the data in order to model the conductivity term. Once this initial fit was obtained for these three processes that occur below T g , the fitting parameters were refined by making small adjustments (0.001 increments) in their values and seeking the minimum in the least squares difference between the experimental data and the model represented by Eq. (3). This fitting procedure was conducted for PMMA, 5MMT, and 10MMT at all temperatures studied (30 to 140 °C in 10 °C increments), with example fits shown in Fig. 6 and Fig. 7 . Above T g , the α-relaxation was modeled after initial parameters for the other three processes (mentioned above) had been determined. Fitting parameters were then iteratively refined as described above. The superposed HN functions agree well with the experimental data by showing a small sum of square difference. According to Eq. (5), the standard errors of curve fitting are 0.017 and 0.178 for 5MMT at 50 °C ( Fig. 6 ) and 100 °C ( Fig. 7) . Dielectric spectra at other temperatures are fitted with similar standard errors. The values of the dielectric strength, Δε, will be discussed in detail in the Discussion section, along with the effect of increasing MMT nanofiller content on dielectric properties of the composites.
Discussion

Dielectric relaxations
Maximum frequencies, f max , of α-, β-, and MWS relaxations as functions of reciprocal temperature are plotted as an Arrhenius diagram in Fig. 8 . In the Havriliak-Negami model, the maximum frequency of each dielectric relaxation is obtained by modifying their parameters (a, b, and f HN ) in the HN model, according to Eq. (6) [26] and [27] . a and b are two HN (shape) parameters and f HN is the characteristic frequency of relaxations. One important reason for plotting the maximum frequency of the dielectric relaxations of the samples is in order to determine their glass transition temperatures (T g ). The observation of the α-relaxation, Fig. 8 , provides one measure of T g for these samples. T g was also determined by DSC, Fig. 9 , to be the temperature at the maximal negative slope of the curves of heat flow versus temperature. No crystallization is observed in this amorphous PMMA system. T g obtained by dielectric spectroscopy and by DSC is listed in Table 2 for all of the samples. It is observed that T g values for pure PMMA, measured by DSC and by dielectric spectroscopy, agree with each other. On the other hand, T g values measured by DSC on the nanocomposites are significantly higher than those measured by dielectric spectroscopy. T g from dielectric spectra is here determined as the particular temperature at which the addition of an α-relaxation peak improves the fitting to the observed spectra. This temperature is taken to be the lower limit of T g . DSC-determined T g is, on the other hand, a median value of T g . Despite the discrepancy in the absolute value of T g determined by the two methods, both show a trend of decreasing T g as MMT content increases indicating a plasticizing effect of MMT on PMMA in these samples. Further, for PMMA/MMT nanocomposites, the maximum frequency of the α-relaxation increases with the MMT concentration at each temperature. This behavior is attributed to the segregation of PMMA polymer chains into smaller domains by silicate layers in MMT, enabling the α-relaxation to take place at lower temperatures and higher frequencies [13] . This is consistent with earlier results showing temperature dependence of T g for nylon 6 and epoxy matrix nanocomposites with more than 4 wt.% MMT nanoclay [28] , [29] and [30] . It is noteworthy that the maximum frequency of the α-relaxation of pure PMMA shifts more significantly than that of the nanocomposites when temperature changes. The α-relaxation occurs at a frequency much lower than that of the nanocomposites at 110 °C while its maximum frequency is two orders of magnitude higher than that of the nanocomposites at 140 °C. It is supposed that the MMT plays a similar role as the crystalline lamellae in copolymers [16] , acting to segregate polymer chains, which slows down the α-relaxation. The dielectric strength of the α-relaxation is much higher in the nanocomposites than in pure PMMA, which will be discussed in the next section. Further, the role of MMT in constraining PMMA chains by intercalation is a possible contribution to the decrease in maximum frequency of α-relaxation in the nanocomposites, when compared with that of PMMA. The reciprocal temperature dependence of the maximum frequency of the α-relaxation follows the Vogel-Fulcher law [16] , [26] and [31] :
where D is the strength parameter and T 0 is the Vogel temperature. It is stated in reference [32] that T 0 is usually between 30 and 70 K lower than T g . In this case, when T 0 is 70 K (for 5MMT) and 60 K (for 10MMT) lower than T g , i.e. when T 0 = 273 K, the linear relationships shown in Fig. 10 are obtained. D values for 5MMT and 10MMT are 0.87 ± 0.09 and 0.75 ± 0.08, resulting in no significant difference of temperature dependence for α-relaxation in 5MMT and 10MMT. It is observed from Fig. 8 that the maximum frequency of the β-relaxation does not shift significantly with the addition of MMT. Further, the β-relaxation of PMMA, 5MMT, and 10MMT follows a linear relationship between log frequency and the reciprocal of temperature, as Fig. 8 shows, indicating that the β-relaxation obeys the Arrhenius law:
where f max is the maximum frequency, T is the temperature, f 0 is a phenomenological parameter, E a is the activation energy of the dielectric relaxation, and R is the universal gas constant. Linear fits to the β-relaxation data are shown in Fig. 8 by solid lines and activation energies deduced from these are listed in Table 3 . An increase of activation energy for the β-relaxation occurs above T g as a result of coupling between the α-relaxation and the localized β-relaxation [33] and [34] . On the other hand, the activation energy of the β-relaxation decreases on addition of MMT, both above and below T g .
Referring again to Fig. 8 , MWS relaxation is observed only in the dielectric spectra of 5MMT and 10MMT, attributed to the interfacial effect of MMT platelets. Below 110 °C, the maximum frequency of the MWS relaxation is independent of temperature. This implies that the number of free charges participating in MWS relaxation is not increased by increasing temperature, when the material is in the glassy state. The shift of the relaxation peak to higher frequencies occurs in both 5MMT and 10MMT above 110 °C, however, indicating the increase of the aptitude of the ions to participate in interfacial polarization with the increase in MMT content [35] when the polymer is in the rubbery state. Similar temperature dependence of MWS relaxation above T g has been reported by other researchers [13] , [35] and [36] .
Dielectric strength
The dielectric strength of the dielectric relaxations, ∆ε, is plotted against the reciprocal of temperature in Fig. 11, Fig. 12 and Fig. 13 for β-, α-, and MWS relaxations, respectively. A 5% uncertainty is applied to every data point to reflect the overall uncertainty in the experiment and model fitting method [26] . Fig. 11 reveals that the relaxation strength of the β-relaxation does not change significantly with MMT content. This reflects the fact that the β-relaxation is related to the rotation of the side ester group. Fig. 12 indicates that the strength of α-relaxations increases with respect to a higher MMT loading, which is supposedly caused by looser molecular packing of the polymer chains, triggered by the presence of the nanoclay [37] . For each MMT loading, the strength of the α-relaxation increases with respect to temperature until approximately 120 °C, after which it slightly decreases. The peak in Δε for α-and MWS relaxations at T g in 5MMT and 10MMT ( Fig. 12 and Fig. 13) suggests that there is possible cooperation between the MWS relaxation and the α-relaxation above T g since the frequency range of α-and MWS relaxations is getting close. 
Conclusions
Dielectric relaxation dynamics of PMMA/MMT nanocomposites have been modeled using parametric functions. The model superposition shows a good fit to experimental data at all measured temperatures. It is observed that the glass transition (α-relaxation) of PMMA takes place at lower temperatures as MMT content increases, because the polymer chains are segregated into smaller domains by the silicate layers of MMT. The maximum frequency and activation energy of the β-relaxation decrease with increasing MMT content. On the other hand, the maximum frequency of the MWS relaxation starts increasing significantly above 110 °C. The dielectric strength of the β-relaxation shows a weak temperature and frequency dependence whereas the dielectric strength of α -and MWS relaxations is significantly increased with increasing MMT content.
